Rayleigh and Raman scattering measurements have been performed i n the 20-inch, Mach 6 wind tunnel at the NASA Langley Research C e n t e r .
Rayleigh scattering is a technique which has been used as a tool to study total concentration profiles for many years. It has been d e m o n s t r a t e d that Rayleigh scattering can be used to obtain two and three d i m e n s i o n a l pictures of molecular density in low speed flows.
1,2 Most recently, t h i s
technique has been extended to supersonic flows and two dimensional p i c t u r e s of flow fields have been obtained. 3 In supersonic flows, however, due to t h e cooling which takes place as the gas is expanded through a nozzle, some g a s constituents may condense and form clusters. 
EXPERIMENTAL:
Measurements were performed in the free-stream of the 20-inch, M a c h 6 wind tunnel at the NASA Langley Research Center. In this tunnel, "dry" a i r is supplied from a reservoir with a pressure of 4.137 MPa (600 psi) and a temperature of 555.2 K (540 o F). The gas is heated by an electrical r e s i s t a n c e
heater. An activated alumina dryer provides a dewpoint temperature equal t o 232.4 K (-41 o F) at a pressure of 4.137 MPa (600 psi). The gas is then brought t o a settling chamber which contains a perforated conical baffle at the e n t r a n c e and screens at the exit; the maximum pressure is 3.620 MPa (525 psi). It i s Rayleigh scattered signal generated along the line was imaged onto a gated, single-intensified CCD camera. The video signal from the camera was digitized using a frame-grabber card and stored in the computer. Similarly, t h r o u g h the opposite window, the scattered radiation which constitutes both R a y l e i g h and Raman signals was imaged onto the slit of a double monochromator w h e r e the Raman component of molecular nitrogen near 607 nm was resolved f r o m the Rayleigh signal. This Raman signal was then detected by a photomultiplier tube (PMT), processed by a boxcar, digitized using a t r a n s i e n t digitizer, and stored in the computer. In this way, one obtains a s i n g l e -p o i n t nitrogen density measurement.
To minimize uncertainties associated with the laser energy f l u c t u a t i o n s , To minimize uncertainties associated with the photon flux, solid angle o f collection, scattering cross section, transmission of the optics, and the g a i n differences for different pixels in the CCD device, it was necessary to obtain a calibration curve for each pixel. This was done by evacuating the t u n n e l down to the pressure range of interest and taking data over a range of k n o w n static pressures. These calibration curves were obtained each time a n alignment was performed. During the calibration process, we encountered t h e existence of large particles in the tunnel (the effect of a particle on t h e Rayleigh signal is shown in Fig. 2) . To minimize the effect of particles, p i x e l s with a distinct particle signature were ignored in the data analysis. should be added that similar plots were also obtained during the t u n n e l operation and again no systematic variation beyond the statistical u n c e r t a i n t y of the measurements was observed.
RESULTS AND DISCUSSIONS:
Simultaneous measurements of signals due to both the R a y l e i g h scattering and the spontaneous Raman scattering were performed in the f r e e stream of the 20-inch, Mach 6 facility. Figure 6 shows a plot of the R a y l e i g h signal as a function of the stagnation pressure P t in the tunnel. In this f i g u r e 7 the stagnation temperature T t posted next to each data point is the t y p i c a l operating temperature for a given stagnation pressure in the tunnel. Also, for the sake of comparison, we have shown the expected Rayleigh signal l e v e l .
This level corresponds to purely molecular scattering at the calculated a i r density based on isentropic expansion in the tunnel. The dashed curve s h o w s the result of this calculation. As is evident from this plot, the measured s i g n a l levels are higher than expected which implies apparent higher densities; only one point matches expected results. Results obtained using the s p o n t a n e o u s
Raman scattering of molecular nitrogen, however, indicate good a g r e e m e n t (within the statistical uncertainty of the measurements) between the deduced densities and those computed from isentropic expansion in the tunnel (Fig. 7) .
To understand this apparent discrepancy in Rayleigh scattering r e s u l t s , one should realize that the ordinate in Fig. 6 is a measure of the signal l e v e l and is not necessarily a measure of the molecular (air) density in the t u n n e l .
The Rayleigh cross section is proportional to the density of scatterers, t h e light frequency to the fourth power, and particle radius to the sixth p o w e r .
Analysis of the dependence of Mie scattering on the size of the p a r t i c l e
indicates that Rayleigh scattering is a good approximation for clusters with a radius, a, of less than 0.1 micrometer. This corresponds to a size p a r a m e t e r q = 2 a/ of about 1 (where is the wavelength of the laser light). can be attributed to a particle density of 2 x 10 6 particles/cm 3 with a radius o f about 15 nm. This is an estimated upper limit on the size of the particles.
We next consider whether these particles are always present in the f l o w or whether they are generated as a result of cooling which takes place in t h e expansion process. To answer this, data were taken at a fixed s t a g n a t i o n pressure for several stagnation temperatures. Figure 8 shows a plot of t h e signal level as a function of the inverse of the static temperature in the tunnel (this temperature was computed using isentropic expansion). The a c t u a l stagnation temperatures are shown at the top of the figure for reference. T h e circled points represent the facility operating temperatures of the tunnel at a given stagnation pressure. Also, for the sake of comparison, we have plotted (dashed lines) the expected Rayleigh signal levels for these e x p e r i m e n t a l conditions. It is seen from this plot that, as one increases the temperature, t h e observed signal level decreases. For example, for a stagnation pressure of 0.69 MPa, the observed signal level decreases as the stagnation t e m p e r a t u r e increases until it reaches the expected signal at a stagnation temperature o f 9 about 491.3 K. If we extrapolate the linear portion of these curves to determine the temperature at which they cross the corresponding expected values, w e obtain the stagnation conditions where the signal levels approach p u r e l y molecular scattering. The data show that, in order to reach this condition a t high stagnation pressures, the tunnel must be operated at s t a g n a t i o n temperatures which are higher than the present capability.
We also reversed the above procedure by varying the s t a g n a t i o n pressure at constant stagnation temperature; the results are shown in Fig. 9 . According to the facility o p e r a t i n g manual, all of our measurements were performed in the gas phase region o f the computed liquid-gas phase diagram for air in this tunnel. For a g i v e n stagnation pressure, the typical operating stagnation temperature was h i g h e r
by about 11 K than the stagnation temperature which corresponds to t h e liquefaction.
In fact, some of our data were taken at stagnation t e m p e r a t u r e s about 40 K higher than the normal operating temperatures, and yet we w e r e observing clustering. One might speculate water as the clustering a g e n t .
However, if we consider the dewpoint temperature provided by the f a c i l i t y The data also show, however, that the interference can be s i g n i f i c a n t l y reduced (and possibly eliminated) by increasing the local temperature a t constant pressure or decreasing the local pressure at constant t e m p e r a t u r e .
Unfortunately, the conditions required to eliminate the free s t r e a m interference (in the Mach 6 facility where the experiments were p e r f o r m e d )
can not be met; however, these local conditions may exist in a model flow f i e l d -we intend to investigate this in the future. 
